Mathematical models of the common-source and common-gate amplifiers using metalferroelectric-semiconductor field effect transistors (MFSFETs) are developed in this paper. The models are compared against data collected with MFSFETs of varying channel lengths and widths, and circuit parameters such as biasing conditions are varied as well. Considerations are made for the capacitance formed by the ferroelectric layer present between the gate and substrate of the transistors. Comparisons between the modeled and measured data are presented in depth.
Introduction
While many, highly accurate models exist for the commonly-used MOSFET, the metalferroelectric-semiconductor field effect transistor (MFSFET) has not yet been explored as in-depth, especially for analog circuits [1, 2] . The transistor small-signal model is applied to both the common-source and common-gate amplifiers using a MFSFET rather than a MOSFET. Additionally, empirical data is used to verify the correct operation of the models. Two transistor sizes are considered with width and lengths of 40 μm × 40 μm (ND4) and 400 μm × 4 μm (ND7). The tested and modeled transistors all used a ferroelectric layer of 20/80 PZT that is 3500 Å thick and located between the gate and substrate. The transistor gate consisted of a 1500 Å thick layer of platinum with conductivity of 1 / , while the source and drain contacts were composed of 1000 Å thick layers of platinum both with conductivity of 1.5 / . The substrate used was a 200 Å indium oxide with doping concentration, N A , of 10 19 cm −3 . All transistors were manufactured by Radiant Technologies, Inc. and provided by Joe Evans [3, 4] .
Common-Source Amplifier Model
While a few other models exist of the MFSFET common-source amplifier, this new model uses the already established the transistor small-signal model as the initial building block, as shown in Fig. 1 [5, 6] . The transistor dimensions play a crucial role in the development of several parameters such as the channel resistance, transconductance, and intrinsic capacitances. The primary difference between the small-signal models applied to the MFSFET rather than the MOSFET is encompassed by the capacitance C GD . Originally this capacitance is determined simply by the oxide layer of the MOSFET; now the capacitance of the ferroelectric layer determines a large portion of the observed capacitance [7] . Several modifications are performed on this circuit, such as combining R DS and R L and combining the intrinsic capacitance C DB with an arbitrary load capacitance C L .
The output voltage gain is given by nodal analysis and is shown in Eq. (1). Additionally, the measured phase shift is given by a modified equation to accurately represent the high frequency phase-shift experimentally observed with the MFSFET common-source amplifier, which at high frequencies settles to 0 • .
Where the MOSFET phase shift is described by an equation similar to Eq. (2), the coefficient of the arctangent term is increased to 2 when using the MFSFET. This increased coefficient is determined experimentally when testing with the MFSFET common-source amplifier.
μm × μm (ND4) MFSFET Common-Source Amplifier
The modeled and measured results for the 40 μm x 40 μm (ND4) MFSFET in Figs. 2 and 3 display voltage gain and phase shift, respectively. Both negatively and positively poled voltage gain models have a high frequency roll-off faster than that of the measured data. However, the modeled and experimental voltage gains at frequencies below the cutoff As seen previously, modeled results closely match the measured data for frequencies at or below 5 MHz. 
Common-Gate Amplifier
A small signal model similar to the circuit shown in Fig. 1 is developed for the commongate amplifier with modifications as seen in Fig. 6 . As before, the transistor dimensions and ferroelectric material properties dictate several parameters such as the transconductance, channel resistance, and intrinsic capacitances. In Figure 6 , the small-signal model of the amplifier circuit is shown with a load capacitance, C L , and intrinsic capacitances, C DB and C GD , combined in a modified load capacitance, C L . The intrinsic gate capacitance, C GD , involves the ferroelectric layer capacitance causing an increased gate capacitance relative to capacitances observed in MOSFETs. Using the circuit model in Fig. 6 , the voltage gain is again found by nodal analysis and shown in Eq. (3). Using this gain equation, the phase shift is expressed in Eq. (4), the structure of which closely resembles that of a MOSFET common-gate amplifier.
One of the primary departures from the MOSFET model is embodied in the capacitances used. In this circuit the high frequency, approximately 5 MHz, phase shift is in general not accurately portrayed by the model. Therefore, given additional measurements at frequencies beyond 5 MHz, the phase shift may need correction similar to that observed in Eq.
(2) to preserve the high frequency accuracy. 
μm × μm (ND4) MFSFET Common-Gate Amplifier
When using the 40 μm × 40 μm (ND4) MFSFET, the voltage gain model shown in Fig. 7 matches the experimental voltage gain almost exactly, excluding a few instances. Of particular note is the agreement between the modeled and measured data beyond the cut-off frequency as well as at low frequencies. As demonstrated in Fig. 8 , the phase shift, however, is only in agreement until approximately 250 kHz, at which point the measured data turns downward and subsequently returns toward 0 • at high frequencies as mentioned earlier.
μm × 4 μm (ND7) MFSFET Common-Gate Amplifier
The model as applied to the wider 400 μm × 4 μm (ND7) transistor produces even more favorable results than any other case. In Figure 9 , the modeled voltage gain shows strict alignment between the modeled and measured data, especially at frequencies beyond the cut-off frequency. Additionally, the wider transistor model also demonstrates a phase shift much closer to the measured values as shown in Fig. 10 . However, the high frequency phase shift tends to settle at a value close to 0 • , indicating a need for high frequency correction terms in the model.
Conclusion
With behavior that differs from the MOSFET, there exists a need for a model of the MFSFET performance in analog circuits. The common-source amplifier was shown to be accurately modeled by the current implementation of the model, though a sophisticated expression for the capacitance of the ferroelectric layer as observed in the transistor would increase the performance of the model, especially at high frequencies.
The common-source amplifier model incorporates terms that were determined experimentally, most notably to account for the high frequency phase shift. While additional experimental data is needed at higher frequencies to accurately model the high frequency performance of the transistors in the common-gate amplifier, the demonstrated model performs well for almost all aspects of the amplifier performance. The voltage gain in particular is noticeably similar between the modeled and measured common-gate amplifier data. Furthermore, the wider MFSFET model tends to perform better in each amplifier circuit.
